The spatial and temporal fish species assemblages were analyzed throughout two annual cycles (2004-2005 and 2007-2008) in the Ría Lagartos Lagoon system, Mexico, via non-parametric multivariate analyses. We compared density and biomass of fish species among five habitat types defined by combinations of structure and environmental characteristics (hyperhaline, rocky, seagrass, channel, and marine), and three climatic seasons (dry, rainy, and northerlies). A total of 11,187 individuals distributed in 32 families and 63 species were collected. The most numerically abundant species were Floridichthys polyommus and Cyprinodon artifrons, while Sphoeroides testudineus contributed to the greatest biomass. Species composition consisted mainly of estuarine and euryhaline marine species. Spatially, a saline gradient was observed with marine conditions in the mouth, and increasing to over 100 in the inner zone of the system. Species richness, diversity and biomass declined from the mouth to the inner zone, while density showed an inverse tendency, with the highest values in the inner zone. Thus the salinity was the variable that best explained the spatial fish assemblages' structure. The ichthyofauna composition did not change over time, but the dominant species varied with the years. The abundance of juvenile specimens, suggest that the different habitats are used as feeding and breeding zones; hence it is proposed that protection strategies be pursued not only for the lagoon system but also for the northern zone of the Yucatan Peninsula.
Introduction
The hyperhaline systems are complex and dynamic ecosystems (Simier et al., 2004) . Their physical, chemical and biological properties present a strong gradient with variabilities that range from short periods of time to seasonal (Nogueira et al., 1997) . They are located in arid and semiarid regions where the combination of high evaporation rates, poor oceanic circulation and a limited flow of freshwater results in salinities that frequently exceed 40 (Moyle & Cech, 2000) , and sometimes exceeds 100 (William, 1998; Valdés & Real, 2004; Vega-Cendejas & Hernández, 2004; Whitfield et al., 2006) . Therefore, they have a great influence on the abundance, richness, and diversity, among other population and community parameters of the organisms, and can even become a determining factor for their presence or absence (Day et al., 1989; Ishitobi et al., 2000; Blaber, 2002; VegaCendejas & Hernández, 2004; Potter et al., 2010) .
Ichthyofauna has been considered as one of the principal biotic components of lagoon systems because it transfers nutrients to different levels of the food web, interchanges energy with neighbouring ecosystems and stores it within the ecosystem (Yáñez-Arancibia & Nugent, 1977; Franco et al., 2006) . It is recognised that a fish species can occupy one or several habitats during its life cycle (Blaber & Blaber, 1980; Castro-Aguirre et al., 1999; Moyle & Cech, 2000; Laegdsgaard & Johnson, 2001 ; Cocheret de la Morinière et al., 2004) . This is due to the fact that lagoon environments fulfil a wide range of functional roles in the life cycle of many species through the provision of shelter and/or conditions favourable for reproduction and spawning (Day & Yáñez-Arancibia, 1985; Miller & Skilleter, 2006) .
The coastal Lagoon of Ría Lagartos is a hyperhaline system designated as a National Wildlife Refuge and protected by the Mexican Federal Government since 1979. Likewise, it is in the list of Wetlands of International importance and is a protected Special Biosphere Reserve where limited human activities are allowed (Frazier, 1999) . It is characterized by high habitat heterogeneity with seagrasses, macrophytas and rocky cover contrasted with a hydrological variability from estuarine to hyperhaline conditions. The studies realized in the area, have described the ichthyofauna community and its association with environmental variables (Vega-Cendejas & Hernández, 2004; García-Hernández et al., 2009) . However, few studies have directly compared the structure of fish assemblages in different types habitats and contrasting for inter-annual periods.
This study aims to investigate the structure between the major habitat types of Ría Lagartos Lagoon (five) on a seasonal basis (dry, rainy, and northerlies). By sampling at different season of the year and comparing two annual periods, we examine the importance of the periodicity. These studies would provide much need information on the relative habitat value of seagrass and may reveal important spatial and temporal ecological connections between these prominent habitat types. Because of its wildlife refuge status and the ecologically importance of the seagrass beds as essential habitats for the ichthyofauna, this research is fundamental to establish management strategies of Ría Lagartos natural Reserve.
Material and Methods

Study area
Ría Lagartos is a coastal lagoon bordered by mangroves and seagrass bed zones (Halodule wrightii), approximately 80 km long by 25 m to 3.5 km wide (area: 9,467 ha) located along the north-eastern coast of the Yucatan Peninsula (21º26' -21º38'NL and 87º30' -88º15'WL) (Fig. 1) . It is naturally connected to the sea via the mouth of San Felipe and artificially by a canal that remains open all year round in front of the town of Rio Lagartos (INE, 1994) . It is characterised by the hyperhaline conditions recorded throughout much of its extension, which are the result of the geomorphology of the system, low precipitation, lack of rivers and high evaporation rate. The climatic regime is represented by three seasons: dry (March to June), rainy (July to October), and northerlies (November to February) (Herrera & Ramírez, 1997) . The system presents a very marked salinity and substrate type gradient (Valdés & Real, 2004) . Hence, five types of habitat were identified based on salinity, transparency and substrate (Table 1) : hyperhaline (H), rocky (R), seagrass (S), channel (C), and marine (M).
Sampling methods.
The samples were attained bimonthly (2004-2005 and 2007-2008) , with four times for each season, during the first 6 h of light using a beach seine (15 x 2 m, 25 mm mesh size). Forty meters were trawled, covering an estimated area of 263 m 2 with two replicas per station. Within the lagoon 10 stations were selected, two of which corresponded to each habitat type, as shown in Fig. 1 . At each sampling station and prior to the collection of samples, water temperature (ºC), salinity and dissolved oxygen (mg l -1
) were recorded mid-water with three replicas using a YSI multianalyzer (Yellow Spring Instrument) model 85.
All the fish caught were placed in labelled bags and fixed with 10% formalin. In the laboratory the samples were transferred to alcohol, identified to species level using specialized references (Fischer, 1978; Dickson & Moore, 1998; McEachran & Fechhelm, 2005) , their standard length determined (SL±0.1 cm) and weighed (± 0.1 g). The fishes were deposited in scientific collection of Centro de Investigacion y de Estudios Avanzados del Instituto Politecnico Nacional (Clave: YUC. PEC 084 0999). The fish were divided into four ecological categories (Day et al., 1989) according to their origin and salinity tolerance: euryhaline, stenohaline, estuarine, and freshwater species.
Habitat
Average Salinity 
Data analysis
To determine the spatial and temporal differences in the hydrographic variables, a one-way analysis of variance (ANOVA) was used, having previously verified the assumptions of normality (Kolmogorov Smirnov) and homogeneity of variance (Bartlett & Cochran) (Zar, 1999) . If these assumptions were not met, the data were transformed using log (x+1). The Kruskall-Wallis test was used in cases where heterocedasticity was detected after transformation (Sokal & Rohlf, 1998) . The density and biomass data were standardized to 100 m 2 . The ecological parameters of the community, such as species richness (S), Pielou's evenness index (J) and the Shannon-Wiener index (H') (Krebs, 1999) , were analyzed temporally and spatially based on each habitat type. Dominance was estimated using the Importance Value Index (IVI), which takes into account the relative density (RD), biomass (RB), and frequency (RF) of each species (IVI = RD + RB + RF) (Brower & Zar, 1977) . This value ranges from 0 to 300; when divided by 3 this is referred to as the percentage of importance. The species that together formed at least 75% were considered as dominant.
Spatial and temporal variations in the structure of the fish assemblages were evaluated by non-metric multidimensional scaling (MDS) with 1000 iterations, derived from a Bray-Curtis similarity matrix constructed from the fish density data. Likewise, an analysis of similarity (ANOSIM) was performed between the fish of each habitat and climatic seasons (Clarke & Green, 1988) , with a non parametric test that uses a Bray-Curtis similarity matrix with density. This procedure consists of a statistical test (R), which is analogous to an ANOVA. The null hypothesis tested was that no differences existed between the fish assemblages different zones (Quinn & Keough, 2002) . Species contribution by habitat and season was evaluated with a similarity percentage (SIMPER) test, which determines the percentage contribution of each species in order to classify a group (similarity) and discriminate species among sample groups (dissimilarity) (Clarke & Green, 1988) . These analyses were performed with the statistics program PRIMER v. 5 (Clarke & Gorley, 2001) .
Finally, to determine the relationship between fish species and environmental variables, a DCA was performed to estimate the length of the gradient. The resulting length was 4.3, which indicates that the response is unimodal (Lepš & Šmilauer, 2003) ; hence a Canonical Correspondence Analysis (CCA) was subsequently performed. The CCA was elaborated with the overall fish data matrix (dependent set) and the environmental data matrix (independent set). Interset correlations of this analysis were used to determine which environmental variables were the most important in determining the species abundance (ter Braak, 1995) . The CANOCO software was used (ter Braak & Smilauer, 1998) with the software options set for forward selection to test the significance of environmental variables.
Results
Hydrological variables
Differences in environmental variables were consistent between seasons (P<0.001) ( Table 2) . Temperature values were highest during the rainy season (29.9ºC) and lowest during the northerlies (24.5ºC). The highest average dissolved oxygen values were observed during the northerlies (5.7 mg/l), while the lowest were recorded during the dry season (3.4 mg/l) (Fig. 2) . On the other hand, the highest average salinity values were found in dry season (59) and lowest in the rainy season (48). There were no significant spatial differences for temperature and dissolved oxygen.
Nevertheless, salinity presented a significant spatial gradient, with the highest values (> 87) recorded at the inner zone (rocky and hyperhaline habitat), which gradually decreased to marine values in the mouth of the lagoon (36). Significant spatial differences were found for diversity, evenness, density, and biomass but no temporal.
Species composition and community descriptors
A total of 11,187 specimens, distributed in 32 families, 51 genera, and 63 species, were collected ( Table 3 ). The families with the greatest number of species were Gerreidae (8) and Sciaenidae (6), followed by Fundulidae, Cyprinodontidae, Syngnatidae, Carangidae, Sparidae, Paralichthyidae, and Tetraodontidae with 3 in each. The most numerically abundant Table 2 . Results of the ANOVA and Kruskal-Wallis* analyses to test for significant differences in environmental variables and for a number of ecological parameters of the fish community in Ría Lagartos Lagoon, Mexico.
species was Floridichthys polyommus (28.6%), followed by Cyprinodon artifrons (26.9%); the abundance of each of the remaining was less than 10%. The total biomass caught was 137.7 kg. Sphoeroides testudineus contributed the most biomass (71.5%), followed by F. polyommus (7.3%); the remaining species registered less than 3% each. The species with greater RF were F. polyommus (12.4%), S. testudineus (10.3%), and Eucinostomus gula (7.8%). According to the IVI, the dominant species were S. testudineus, F. polyommus, C. artifrons, E. gula, Eucinostomus argenteus, Eucinostomus harengulus, Achiurus lineatus, and Lagodon rhomboides. Altogether these species contributed more than 75% of the density. The community parameters such as diversity, richness and evenness, density and biomass only presented significant spatial differences (Table 2) . Furthermore the lowest richness, diversity, evenness and biomass values were recorded in the hyperhaline habitat (Table 4) , with a gradient that increased towards the mouth of the lagoon system. The density values were highest in the hyperhaline habitat due to the presence of a large number of juvenile F. polyommus and C. artifrons. In a seasonal base, the highest richness, diversity and evenness values were recorded, during the rainy season, while the lowest values were presented in the dry season. The greatest fish densities and biomasses were found in the dry season due to F. polyommus, E. gula, and S. testudineus juveniles that were the most abundant fish. We only recorded two freshwater species (Poecilia velifera and Cichlasoma urophtalmus), six were estuarine species, and the rest were marine species, the number of euryhaline species being the greatest.
Spatial and temporal differences between assemblages
The spatial analysis (MDS) based on species composition and abundance throughout the study period separated the different habitats with a stress value of 0.0 (Fig. 4a) . Habitat H remained separated from the rest of the habitats. In the temporal MDS no separation was observed between the different sampling months that constituted the different seasons (Fig. 4b) . The one-way ANOSIM with 999 permutations indicated significant differences in the composition of fish assemblages between the different habitats (R = 432, P<0.03), except for seagrass -marine.
Regarding the temporal analysis, no significant global differences were observed (R = 0.02, P = 0.12), however there were significant differences between the northerlies and dry season (R = 0.068, P<0.02) ( Table 5) .
According to the SIMPER analysis, the total significant dissimilarity between the habitats ranged from 62.62 to 89.79%; while between seasons this value was between 68.30 and 71.52. These differences are due to the abundance of dominant species in each habitat. The species that constituted more than 50% of the total spatial and temporal dissimilarity were C. artifrons, F. polyommus, S. testudineus, E. gula, E. argenteus, and A. lineatus. However, the species that characterised habitat H were C. artifrons and F. polyommus (98%), while, F. polyommus constituted more than 52% of the dissimilarity in habitat R. For the rest of the habitats, no species had values above 36%; in these habitats the dominant species were responsible for the principal contributions. The species that contributed most throughout the three seasons was F. polyommus, with contribution values greater than 40% during the rainy season. This was followed by S. testudineus with values that exceeded 21 % during the northerlies. Similarly, C. artifrons and E. gula presented high values in all three seasons.
By performing the cluster analysis between habitats with the species abundance values, three groups were formed at 61% similarity (Fig. 5 ). The first included habitat H, with a similarity of 40% with the rest of the habitats. Group II consisted of habitats S and R, located in the centre of the system. Finally Group III consisted of habitats M and C, which are located to the west of the lagoon system with an important number of stenohaline marine species (occasional visitors).
Relationship between species and hydrological variables
According to the CCA, the first two axes explained 84.3% of the accumulated variance in the species-environmental variables bi-plot (axis 1, 62.9%: axis 2, 21.4%). The correlation values showed salinity to be the most important environmental variable structuring the fish assemblages (axis 1, 0.861); in turn, temperature registered the highest value for axis 2 (0.31). The direction of the two vectors (salinity and temperature) was almost perpendicular, indicating that the effects of these two factors on the fish assemblages are independent (Fig. 6) . Both variables were significantly correlated with the ordination axes (P<0.001). The composition of the ichthyofauna was inversely related to salinity, only the species C. artifrons and to a lesser extent E. saurus, showed preference for this variable. Florichthys polyommus, Diapterus auratus, and Menidia colei were strongly related to dissolved oxygen. The species Dasyatis americana, A. lineatus, and L. rhomboides were related to temperature. On a spatial basis, habitat H was highly correlated with salinity, habitats M and C were situated on the positive side of axis 1, while habitats R and S were on the negative side. Temporally, the dry season was influenced by salinity, while the rainy and northerlies seasons were influenced by dissolved oxygen.
Discussion
In the Ría Lagartos Lagoon system the highest salinities are found in the inner zone and gradually decrease towards the mouth, creating a complex matrix of physiochemical factors that regulate the abundance and distribution of ichthyofauna assemblages. Although it is well known that underground rivers exist in the Yucatan Peninsula, their contribution to this ecosystem is very low; hence salinity had the greatest influence on species composition, as has been reported for other coastal lagoons by Paperno & Brodie (2004) , Simier et al. (2004) , Vega-Cendejas & Hernández (2004) , and Whitfield al. (2006) . This was evident when a greater species richness was registered in the mouth zone (42 species), which decreased noticeably towards the interior of the lagoon (13 species). Similarly, fish diversity was lower in the hyperhaline zone (1.08) than in the marine zone (3.48), since marine species are distributed there (Franco et al., 2006) .
The dominant species (F. polyommus, C. artifrons, S. testudineus, E. gula, and E. argenteus) have also been reported by other authors as representative of these environments on a regional scale (Vega-Cendejas & Hernández, 2004; Arceo-Carranza & Vega-Cendejas, 2009 ). Both F. polyommus and C. artifrons are small estuarine species (< 10 cm), but they have a high abundance (> 55%) due to their physiological capacity to tolerate high salinities and low dissolved oxygen values, hence they are abundantly distributed in hyperhaline and rocky habitats where the low species number reduces the competitive interactions (Colburn, 1988) . Furthermore, it was observed that as the individuals of these species grew they moved to less saline habitats, probably in order to reduce competition with other cohorts or for food requirements. García-Hernández et al. (2009) , found that ichthyoplankton communities from four lagoon systems of Yucatan Peninsula, Ría Lagartos coastal system presented the highest density values, which suggests that it is important as a breeding and feeding zone for marine species, many of which are of commercial importance (Lutjanus griseus, Cynoscion arenarius, and C. nebulosus) . In general the marine component (eurihaline and stenohaline) is distributed from the lagoon mouth to the seagrass habitat due to the steep increase in salinity towards the interior and the presence of the H. wrightii beds that offer them shelter and probably food. However, during the rainy season when salinity decreases to 42, marine species such as Ariopsis felis, Strongylura notata, and S. testudineus are recorded in the rocky habitat. As previously mentioned, freshwater seeps exist in habitats C and M, and they reduced the salinity to almost 28. However because of the hyperhaline conditions, this influence is not so evident and only two eurihaline freshwater fish were recorded, unlike in other lagoon systems of the peninsula. The species richness obtained in this study is below average when compared to other studies carried out in the same geographic zone (Raz-Guzmán & Huidobro, 2002; VegaCendejas, 2004; Arceo-Carranza & Vega-Cendejas, 2009 ). This may be due to the zone sampled, fishing gear used, time of catch or the effort employed; however, much of the composition of fish in lagoon systems is due to the presence of occasional marine species that are only collected once during an entire sampling period (G. micrura, H. erectus, C. latus, S. vomer, C. arenarius, M. furnieri, among others) , hence the size of the marine-lagoon connection and the time it is open for is a very important factor, since this allows lagoon-ocean communication (James et al., 2007; Mendoza et al., 2009) . Simier et al. (2004) suggested that the high diversity recorded in lagoon systems may be due to: a) the establishment of marine species because of the permanent communication with the ocean and the presence of freshwater effluents; and b) the heterogeneity of habitats (seagrass beds, mangrove roots, muddy bottoms, and freshwater blooms) that favour the colonization of different species. However in Ría Lagartos Lagoon system the low richness is is due to high salinity throughout the year and throughout the lagoon system. Gratwicke & Speight (2005) confirmed habitat complexity, particularly the rugosity, variety of growth forms and height, to be the characteristics that favour species richness and diversity. The Ría Lagartos system has the afore mentioned characteristics; however, given that salinity rapidly increases towards the interior of the system due to its geomorphology and the high dominance of few species, species richness and diversity are not significant. Of the total species recorded, only eight are distributed throughout all of the habitats, while 21 species were collected in only one of the habitats.
The species composition shows no significant changes between years. However relative abundances showed strong inter-annual variations. This means that species that in previous years were not abundant, in later years are dominant. This is evident when compared with the study of VegaCendejas y Hernández (2004) . This variation may be due to the presence of environmental changes caused by the hurricanes, such as opening a channel connection to sea which changes salinity gradient and allowing the movement of marine species to previously hyperhaline sites that shortly after the channel is closed by the settlers, the salinity gradually increases to the inner zoned. This again leads to a succession of species, but with a different structure.
The ANOSIM test shows significant variation between the habitats, which suggests that each habitat has hydrological and food characteristics that favour the development of the different species present in each of them. The seagrass and channel provided important habitats for fish specimens. In both of these habitats, because of the vegetation, a high diversity and higher densities were collected in the marine conditions of the lagoon. By contrast in the R habitat a low diversity and abundances were found (Table 4) .
Similarly, the MDS analysis reflected a spatial separation of the fish assemblages. Although differences were observed between the fish assemblages on a seasonal basis (northerlies and dry), the spatial differences (habitats) were more significant, hence the structuring in this lagoon system is primarily spatial. As observed in the SIMPER results, although the fish assemblages are characterized by a group of dominant species, they are not what differentiate the different types of habitat, due to their broad distribution in the lagoon system; it is the rare species that differentiate the habitat types. For example, in habitat R, only Diapterus rhombeus and Sphoeroides spengleri were recorded; while in habitat S, Syngnathus scovelli, Archosargus probatocephalus, and Cynoscion arenarius were recorded, among others (Table 3) . According to the CCA, salinity was the variable best related to species abundance (0.861), and as expected, the hyperhaline habitat presented a direct relationship with this variable. Although oxygen presented a weak relationship with fish abundance, it was strongly related to the northerlies season, due to the fact that the strong winds, which can last a week, increase the oxygen content of the water but decrease the temperature. Management of a lagoon system requires the protection of the critical habitats of dependent species, including those that lie outside its physical boundaries. It also requires the control of both the quality and quantity of the water supplies on which its water balance and chemistry depend. Identification of these habitats and processes requires knowledge of the life histories of the organism and the hydrological regime. Understanding the function of each habitat and the relationships between them in a heterogeneous environment is essential for the integrated management of these ecosystems. Consequently, the conservation of each of these environments is fundamental for the survival and conservation of the ichthyofaunal diversity of the region.
